The rheology and molecular structure of a model bitumen (Cooee bitumen) under shear is investigated in the non-Newtonian regime using nonequilibrium molecular dynamics simulations. The shear viscosity and normal stress differences of the bitumen mixture are computed at different shear rates and different temperatures. The model bitumen is shown to be a shearthinning fluid. The corresponding molecular structure is studied at the same 
The rheology and molecular structure of a model bitumen (Cooee bitumen) under shear is investigated in the non-Newtonian regime using nonequilibrium molecular dynamics simulations. The shear viscosity and normal stress differences of the bitumen mixture are computed at different shear rates and different temperatures. The model bitumen is shown to be a shearthinning fluid. The corresponding molecular structure is studied at the same shear rates and temperatures. The Cooee bitumen is able to reproduce experimental results showing the formation of nanoaggregates composed of stacks of flat aromatic molecules. These nanoaggregates are immersed in a solvent of saturated hydrocarbon molecules. The nanoaggregates are shown to break up at very high shear rates, leading only to a minor effect on the viscosity of the mixture. At low shear rates, bitumen can be seen as a colloidal suspension of nanoaggregates in a solvent. The slight anisotropy of the whole sample due to the nanoaggregates is considered and quantified. The alignment of docosane molecules due to form and intrinsic birefringence and its effect on the rheological properties of the mixture are discussed. The stress optical rule is shown to be valid only in a limited range of shear rates at high temperatures, because this rule neglects the presence of other molecule types than docosane at high shear rates and the effect of intermolecular alignment, which gets more pronounced at high shear rates.
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I. INTRODUCTION
Bitumen is one of the by-products of the refinery process of crude oil and as such is a very viscous fluid. Its main application is as a binder in road pavement [1] , because it combines many desirable properties: it is cheap, it adheres quite well to mineral filler particles and has suitable mechanical properties. Among bitumen's mechanical properties, the shear viscosity is of special importance. To guarantee a cohesive pavement, the shear viscosity should not be too low, while high values are often associated with a brittle behavior [2 and 3] which facilitates the development of cracks in the pavement and leads to road deterioration. Bitumen's viscosity also has a great effect on the exploitation of bitumen reservoirs and transportation of bitumen. This is why the experimental literature reporting viscosity measurements of bitumen is so vast [1, [3] [4] [5] . Moreover, it is known that bitumen has a nonNewtonian behavior especially at low temperatures [4, [6] [7] [8] [9] . The non-Newtonian behavior is characterized by a strain rate dependent shear viscosity and is probably due to the specific molecular structure of bitumen [4 and 10] .
Molecular dynamics (MD) is a good tool to study the molecular structure of bitumen, especially the formation of asphaltene nanoaggregates [11] [12] [13] [14] . MD simulations can also easily quantify the mechanical properties of the material. Indeed, there are a few numerical studies relating the shear viscosity of bitumen in the limit of vanishing strain rate to its molecular and supramolecular structure [15] [16] [17] [18] . However, to our knowledge, there is no molecular dynamics study relating the non-Newtonian behavior of bitumen to its molecular structure. That is the aim of this article.
In order to achieve this aim, we used non-equilibrium molecular dynamics simulations with the SLLOD algorithm [19 and 20] . This algorithm is able to reproduce correctly a shear Couette flow, even far from equilibrium [19] and provide the value of the shear rate dependent viscosity. The SLLOD algorithm has been used to describe complex systems such as entangled polymers [21] , hyperbranched polymers [22] , and ionic liquids [23] . In this paper, we applied it to Cooee bitumen [24] , which is a four-component bitumen model describing a bitumen with generic mechanical properties [15] and molecular structure [16 and 25] .
The paper is organised as follows. Section II contains information about the model bitumen used and the SLLOD algorithm. Results for the rheological properties and the molecular structure of the sample are presented and discussed in Sec. III.
Finally, Sec. IV contains a summary and a conclusion.
II. SIMULATION DETAILS A. Cooee bitumen
The chemical composition of bitumen is very complex [26] . However, the molecules in bitumen can be classified into dissolution classes. The SARA classification [27] is one of the most common classifications and distinguish between Saturated hydrocarbons, resinous oil molecules, called Aromatic in the SARA scheme, Resin molecules and Asphaltene molecules. The last three molecule types are aromatic and the molecular weight of asphaltene molecules is on average higher than that of resin molecules, which is higher than the resinous oil molecular weight.
To obtain a simple model of a generic bitumen, one molecular structure for each class was chosen. The molecular structures chosen are shown in Fig. 1 . The reasons behind these specific choices are given in Ref. [15] . The main system studied in this paper contains 410 saturated hydrocarbons, 50 resinous oil molecules, 50 resin molecules and 50 asphaltene molecules, which corresponds to 15570 united atom units. The methyl (CH 3 ), methylene (CH 2 ), and methine (CH) groups are represented by the same united atom unit of molar mass 13. r is the interatomic distance and k B the Boltzmann constant and three terms for the intramolecular potential. These three terms describe the bond length between two connected particles, the angle between three consecutive particles, and the dihedral angle between four consecutive particles. The parametrization of the intramolecular potential is described in detail in Ref. [15] . The simulations are performed at five different temperatures: 302 K, 377 K, 452 K, 528 K, and 603 K and at a constant density ρ = 964 kg·m −3 . This density was chosen because it corresponds on average to the atmospheric pressure for a system at the intermediate temperature 452 K.
B. SLLOD algorithm
In this work, the molecular version of the SLLOD algorithm [19 and 22] was used to obtain a shear flow of the bitumen mixture. The equations of motion in that case are given by:ṙ
where r iα and p iα are the laboratory position and peculiar momentum of particle α in molecule i, respectively (peculiar means the corresponding velocities are relative to the streaming/flow velocity), F iα is the force acting on particle α in molecule 
where
α=1 F iα is the force acting on molecule i and N m the total number of molecules. The expression of the thermostat multiplier ζ is taken from Ref. [22] and corresponds to the application of Gauss' principle of least constraint, used to keep the molecular center of mass kinetic temperature constant. The algorithm used to propagate the SLLOD equations of motion is the operator splitting algorithm developed by Pan et al [28] and adapted for molecular SLLOD equations of motion (see appendix A). The molecular dynamics package RUMD [29] is used to perform the calculation. The time step is equal to δt = 0.86 fs. Each simulation was equilibrated for a period of 1.7 ns and lasted thereafter 6.9 ns. For each strain rate and each temperature, eight independent initial configurations were used. The averages and standard errors shown in this paper correspond to the averages and standard errors over these eight independent simulations.
III. RESULTS AND DISCUSSION
The non-equilibrium molecular dynamics (NEMD) simulations allow us to probe both the non-Newtonian behavior and the molecular structure of the modelled bitumen. Section III A contains the results about the rheology in the non-Newtonian regime and Sec. III B discusses the corresponding molecular structure.
A. Rheology
The three main rheological properties which can be computed from the NEMD simulations under shear are the shear viscosity η and the first and second normal stress coefficients Ψ 1 and Ψ 2 . The three quantities provide information about the non-Newtonian behavior of the fluid.
These quantities are derived from the molecular stress tensor σ, given by the Irving-Kirkwood formula [30] :
where V is the volume of the system, · denotes a time average over the nonequilibrium steady state, r ij = r i − r j is the vector between the centers of mass of molecules i and j, F ij = i∈α j∈β F iαjβ is the intermolecular force acting on molecule i due to molecule j and F αβ is the force acting on particle α in molecule i due to particle β in molecule j.
Shear viscosity
Due to the shear geometry enforced in the simulation, the shear viscosity is given by:
whereγ is the shear rate. The variation of the viscosity η with the shear rateγ is plotted in Fig. 2 for different temperatures. The fact that the viscosity depends on the shear rate means that for the large shear rates accessible in molecular dynamics (MD) simulations, bitumen is in the non-Newtonian regime. It is true at all temperatures, except for the highest temperature of 603 K at the lowest shear rates. Moreover, in the non-Newtonian regime, the change in viscosity is larger at low temperatures. It is in agreement with the experimental literature [4 and 6] , stating a more pronounced non-Newtonian behavior of bitumen at low temperatures.
Because the viscosity decreases with the shear rate, bitumen can be qualified as a shear-thinning fluid. At low enough shear rates, bitumen will enter the Newtonian regime, where the viscosity is independent of the shear rate. In our simulations, it is only visible for the largest temperature used of 603 K. For this temperature, the zero shear rate viscosity η 0 can be determined quite accurately using the following procedure. Two empirical models can be used to fit the data. They are known as the Carreau-Yasuda model [31] and the Cross model [32] . The Carreau-Yasuda model suggests the following formula for the variation of viscosity with shear rate:
p , where λ is a time constant and p a power law exponent. For a temperature of 603 K, the zero shear rate viscosity is found to be η 0 = 6.0 × 10
Pa.s, from the Carreau-Yasuda fit. The Cross model suggests a different empirical formula for the variation of viscosity with shear rate:
where η ∞ is the shear viscosity at infinite strain rate, K the consistency index, and m a power law exponent. For a temperature of 603 K, the zero shear rate viscosity is found to be η 0 = 5.6 × 10 −3 Pa.s, from the Cross fit. In a previous work [15] using equilibrium MD and the Green-Kubo relation to get the shear viscosity of a system with the same temperature and relative composition but five times smaller, we had found η 0 = 1.3 × 10 −2 Pa.s. The latter value is probably an overestimation of the real viscosity because a small system tends to relax more slowly than a large system, which creates a long tail in the stress autocorrelation function and a higher viscosity through the Green-Kubo formula. However, this value is in the same order of magnitude as the two estimations made from the NEMD data, which is an indication of the consistency of our simulations. This value of the viscosity is also a realistic possible value for bitumen at such a high temperature [15] .
The values of the parameters corresponding to the Carreau-Yasuda and Cross models are given in Table I and II for all temperatures. It seems that the CarreauYasuda equation fits better the data at high temperatures, whereas the Cross equation does a better job at low temperatures and high strain rates, as if the shear viscosity at infinite strain rate becomes a necessary parameter at low temperatures.
To test the time-temperature superposition principle in the case of the Cooee bitumen model, we plotted the variation of the reduced viscosity η r with the reduced shear rateγ r . The reduced viscosity and reduced shear rate are defined as η/a η anḋ γa T , respectively, where The zero shear rate viscosity η 0 was chosen from the Carreau-Yasuda fit and the reference temperature T ref was chosen to be 603 K, where the Newtonian regime is the most clearly defined. The procedure to obtain the reduced viscosity and reduced shear rate is described in Ref. [33] and its theoretical foundation is discussed in Ref. [31] . Figure 3 shows the variation of the reduced viscosity η r with the reduced shear rateγ r . The time temperature superposition principle works quite well for the two highest temperatures, for which the evaluation of the zero shear rate viscosity η 0 is the best. For lower temperatures, the time-temperature plot is not so convincing.
This could be due to the fact that the zero shear rate viscosity η 0 is not properly evaluated in these cases, because the NEMD simulations are only able to probe the system deep in the non-Newtonian regime. Experimentally, the time-temperature superposition principle was mostly tested in compression and it is still discussed whether it is valid at high deformations [34 and 35] , high temperatures [36] and high asphaltene content [36] . should be considered with care as the evaluation of the zero shear rate viscosity η 0 depends a lot on the method used to fit the data, especially at high temperatures.
From experimental measurements on bitumen [37] , deviations from the Arrhenius behavior are expected at high temperatures, i. e. above 372 K in the specific experiments referred to here.
Normal stress coefficients
A fluid in the non-Newtonian regime is also characterized by shear-rate dependent normal stress coefficients. To first order in the shear rate, the two normal stress differences σ xx − σ yy and σ yy − σ zz are exactly zero because a shear strain does not cause any change in the diagonal components of the stress tensor. Different models and experiments on polymers show that the first departures of the normal stress differences from zero occur at second order in the strain rate [10] . Therefore, the normal stress coefficients Ψ 1 and Ψ 2 are defined as: Ψ 1 = (σ xx − σ yy )/γ 2 and
Thus, at low shear rates, the normal stress coefficients Ψ 1 and Ψ 2 should plateau to a given value. At larger shear rates, the normal stress coefficients are known to decrease for polymers [10] . The normal stress coefficients shear rateγ, showing again that bitumen is far from the Newtonian regime for the shear rates spanned in the simulations especially at low temperatures. The normal stress coefficient Ψ 2 has been less studied but is usually negative in experiments on polymer fluids [22 and 31] . The simulations presented in this paper also find a negative second normal stress coefficient Ψ 2 . The absolute value of the second normal stress coefficient Ψ 2 decreases with increasing shear rate, which is also a signature of the non-Newtonian regime.
The decrease of the two normal stress coefficients in the non-Newtonian regime can be fitted to a power law [22] : Ψ 1 ∼γ −α and −Ψ 2 ∼γ −β for the coefficients Ψ 1 and Ψ 2 , respectively. The normal stress ratio −Ψ 2 /Ψ 1 is plotted versus shear rate in Fig. 7 for bitumen at different temperatures. This ratio is known to be equal to 0.24 for linear polymer melts and to 0.3 for branched polymer melts [10] . In the case of bitumen, it is higher, around 0.5. It depends only slightly on temperature.
B. Molecular structure
As mentioned in Sec. II A, the Cooee bitumen model used in this paper contains four molecule types. In order of increasing molecular weight, these types are: docosane, resinous oil, resin and asphaltene. Of these, only the docosane molecules are not aromatic. This composition resembles the SARA classification [27] and is able to reproduce the characteristic supramolecular structure of bitumen in nanoaggregates [40] . The nanoaggregates are composed of the aromatic molecules aligned with respect to each other. An example of a nanoaggregate seen in the simulation is shown in Fig. 8 . Among the aromatic molecules, the asphaltene molecules are the most strongly attached to the nanoaggregate structure [25] . The docosane molecules can be seen as a solvent for the nanoaggregates. Consequently, each molecule type may have different response in the shear flow and contribute differently to the rheological properties of the whole fluid. The aim of this section is to quantify the To determine the molecular structure, two main quantities can be defined: the molecular order tensor S m and the bond alignment tensor S bond . These two quantities distinguish between two different phenomena known as form birefringence and intrinsic birefringence. Both phenomena contribute to flow birefringence, that is to say a departure from the isotropic equilibrium state of the fluid due to a velocity gradient. Form birefringence is a type of flow birefringence where the anisotropy arises from the alignment of the molecules in the flow direction [38] . Intrinsic birefringence is due to the alignment of the bonds inside the molecules in the flow direction [22] .
The alignment due to both types of birefringence is discussed in this section.
Molecular alignment
The molecular order tensor S m is defined for a given molecule type as:
where N m is the total number of molecules of the considered type, u i is the unit vector denoting the principal direction of molecule i of the given type, I is the identity tensor, and · denotes a time average in the non-equilibrium steady state.
The principal direction u i of molecule i is the unit eigenvector corresponding to the largest eigenvalue of the gyration tensor R 2 g , defined as:
where N i is the number of atoms in molecule i and r α is the position of atom α in molecule i. Once the molecular order tensor S m is determined for each molecule type, two quantities derived from it are of interest: the molecular order parameter in the xy-plane.
a. Molecular order parameter
The variation of the molecular order parameter S m with the shear rateγ is displayed in Fig. 9 for a temperature of 452 K and for the different molecule types. The curves are quite different from one molecule type to another. For docosane molecules, the molecular order parameter S m tends to zero in the limit of vanishing shear rate. This behavior is expected, since the docosane molecules are isotropically distributed at equilibrium. The molecular order parameter for docosane increases monotonically to reach the value 0.55 at the highest shear rate simulated, showing an alignment of docosane molecules in the shear direction. For asphaltene, resin and resinous oil molecules the curve is qualitatively different. The molecular order parameter does not tend to zero in the limit of vanishing shear rate but to a small finite value. This value is equal to the one obtained from equilibrium molecular dynamics simulations, as can also be seen in Fig. 9 . This value is higher for asphaltene molecules than Cross equations do not fit so well the tail of the variation of viscosity with shear rate. For shear rates higher than the critical shear rateγ c , the molecules are free and align in the direction of the shear. At lower shear rates, the size of the aggregates is very close the size of the aggregates at equilibrium, as can also be seen in Fig. 10 .
The fact that the molecular order parameter of aromatic molecules does not vanish in the limit of zero shear rate is due to these aromatic molecules being aligned in quite long nanoaggregates, themselves aligned with respect to each other for steric reasons. This is also seen in the equilibrium MD simulations [25] . With the MD simulations which we carried out, we cannot know whether the global anisotropy of the system is a finite size effect or if it is also seen in macroscopic samples. In this last case, bitumen could resemble the nematic phase of a discotic liquid crystal [39] .
Experimentally, it is known that there is a change of the supramolecular structure of bitumen with the concentration of asphaltene molecules: at low concentrations small, isotropically distributed nanoaggregates can be seen ; at larger concentrations the nanoaggregates gather in clusters and at even larger concentrations the clusters are all connected to form a viscoelastic network [40] . This last stage could be representative of the simulations carried out in this work. Finally, the global anisotropy of the system was evaluated to be equal to Q = 0.12 ± 0.01 at equilibrium [25] , where Q is 3/2 of the largest eigenvalue of a molecular order tensor averaged over all aromatic molecules and defined in the same way as in Eq. 8, except that the molecule orientation is taken to be the unit vector normal to the molecule plane.
It is a small enough value so that determining a single value for the shear viscosity independent of the global orientation of the aggregates with respect to the shear direction is relevant.
To further investigate the effect of the anisotropy of the sample on its rheological properties, simulations are performed in the same shearing geometry as before and with the same starting configurations except that the y-and z-coordinates are exchanged. The simulations are carried out at a temperature of 452 K for the same shear rates. The shear viscosity is analyzed and the following comparison is made.
Let x i and x ′ i denote the viscosities of the system starting with configuration i and the corresponding rotated configuration, respectively. Let also m i be the average (x i + x ′ i )/2. The standard deviation s rot due to the anisotropy of the configuration is quantified as:
where N conf = 8 is the total number of initial configurations considered. A similar standard deviation s conf comparing different initial configurations and not an initial configuration with a rotation of itself is defined as:
where i and j are two random different configurations, chosen from the 8 different configurations available. Exactly N conf pairs (i, j) are considered for the sake of symmetry with the definition of s rot . The ratio r = s rot /s conf was quantified for different shear rates. Its variation with the shear rate is displayed in Fig. 11 . The ratio of the two standard deviations is around 1 for low shear rates meaning that the main source of difference between two configurations is the anisotropy of the sample.
In this case, the values of the viscosity given in Fig. 2 should be understood as an average viscosity over different orientations. At larger shear rates, the standard deviation due to the anisotropy of the sample is much lower than the standard deviation corresponding to different samples. This is easily understood because at large shear rates, the aggregates break up and the sample is no longer anisotropic.
The difference in the values of the molecular order parameter in the limit of zero shear rate for the different aromatic molecules will now be explained. In this limit, the molecular order parameter of asphaltene molecules is higher than that of resinous oil molecules, which is itself higher than that of resin molecules. As will be argued in the following, this is probably due to the relative composition of the nanoaggregates depending on their size. We assume that the relative composition of the nanoaggregates for shear rates lower than the critical shear rateγ c is close to the one obtained at equilibrium. The relative composition of the linear nanoaggregates with respect to their size was determined in a previous work at equilibrium [25] . It is displayed in Fig. 12 . It shows that small nanoaggregates, especially nanoaggregates of size 1 or free molecules, are mainly composed of resin molecules, whereas long nanoaggregates are mainly composed of asphaltene molecules. The relative fraction of resinous oil molecules is mostly constant with the nanoaggregate size. As longer nanoaggregates tend to align more sharply to other long nanoaggregates for steric reasons compared to small nanoaggregates, it is natural that the molecular order parameter of asphaltene molecules is higher than that of resin molecules and that the molecular order parameter of resinous oil molecules lies in between. This is true assuming that the molecular order parameter for shear rates lower than the critical 
b. Molecular alignment angle
The variation of the molecular alignment angle χ m is plotted for each molecule type versus the shear rateγ at a temperature of 452 K in Fig. 13 . Again, the behavior is quite different from one molecule type to another. A typical behavior for a polymer solution under shear is the following: in the Newtonian regime, the molecular alignment angle is around 45 degrees and in the non-Newtonian regime, the molecular alignment angle decreases until reaching zero. The value of 45 degrees is expected in the Newtonian regime, due to the nonuniform distribution of angular velocity of the molecules in the shear flow [22] . At larger shear rates, the molecules align to the shear flow resulting in a vanishing molecular alignment angle. This general behavior is roughly seen for docosane molecules in Fig. 13 , but the Newtonian regime is not reached yet for the accessible shear rates at this temperature. For asphaltene, resin and resinous oil molecules, the behavior is slightly different. The error bars are very large for shear rates lower than the critical shear rateγ c = 2 × 10 9 s −1 . A possible explanation is the following. As long as long nanoaggregates exist they tend to align with respect to each other sometimes spanning the whole simulation box. That is why the whole system is slightly anisotropic. In this case, the Lees-Edwards periodic boundary conditions can hinder the alignment of the nanoaggregates in the direction of the shear and some nanoaggregates remain in their initial direction. Thus, the alignment angle with respect to the shear direction appears random. Hence, the large error bars. For shear rates larger than the critical shear rateγ c , the alignment angle of the aromatic molecules decreases with the shear rate, revealing the alignment of the single molecules with the shear direction.
c. Variation with temperature
The variation of the molecular order parameter S m with the shear rate at a temperature of 452 K has been described in detail for different molecule types in paragraphs III B 1 a and III B 1 b. The purpose of this section is to investigate how this variation changes with temperature and to relate it to the change in viscosity and normal stress coefficients reported in Sec. III A 1 and III A 2, respectively. Figure 14 shows the variation of the molecular order parameters of asphaltene and docosane molecules with shear rate for different temperatures. The molecular order parameters of resin and resinous oil molecules are omitted for clarity. Their variation resembles that of the order parameter of asphaltene molecules. From Fig. 14, it is quite clear that at low shear rates, the molecular order parameter of asphaltene molecules is roughly independent of temperature whereas the molecular order parameter of docosane molecules increases with temperature. This is explained by the fact that asphaltene molecules are in nanoaggregates, whose structure probably depends little on temperature, whereas docosane molecules are free and much more sensitive to changes in temperature. This reveals the colloidal nature of bitumen [40] , where nanoaggregates can be seen as colloidal particles in a saturated hydrocarbon solvent. Having this picture in mind, the temperature dependence of the viscosity at low shear rates is mainly due to the change of intermolecular structure of docosane molecules rather than a change of structure of the nanoaggregates. The fact that the docosane molecules align in the shear direction is then consistent with the shear-thinning behavior observed in Sec. III A 1. The effect of the intramolecular alignment on the shear-thinning behavior will be discussed in the Sec. III B 2.
Moreover, Fig. 14 also shows that between temperatures 302 K and 377 K, the molecular order parameter of docosane molecules drops. In other words, the molecular order parameter S m of docosane molecules is non-zero at temperature 302 K, even at the lowest shear rate, indicating a slight anisotropy in the docosane phase.
This abrupt change in the molecular order parameter of docosane molecules between temperatures 302 K and 377 K is consistent with the dramatic change in the exponents α and β describing the tail of the variation of the two normal stress coefficients Ψ 1 and Ψ 2 with the shear rate. This could indicate that a phase transition occurs between temperatures 302 K and 377 K, leading to a more ordered docosane phase at 302 K. Looking at the microscopic configurations, it seems indeed that in the Cooee model, at temperature 302 K and density ρ = 964 kg·m −3 , there are islands of docosane crystals spread around the nanoaggregates.
Intramolecular structure
The intramolecular structure can be first characterized by the radius of gyration of each molecule type. The radius of gyration is defined here as R 2 g = trace R g , where R g is the tensor of gyration given in Eq. 9 and · is an average over molecules of the same type and over time. Figure 15 shows the variation of the radius of gyration of each molecule type with the shear rate for different temperatures. The variation of the radius of gyration with temperature and with shear rate is very different from one molecule type to another. However, one can say that the change in the radius of gyration of docosane molecules is larger than the corresponding change for asphaltene, resin or resinous oil molecules at the same temperature. It is of the order of 8% for docosane at a temperature of 603 K and of the order of 0.2% for asphaltene, 1.3% for resin, and 1.0% for resinous oil at the same temperature.
This could be due to the asphaltene, resin and resinous oil molecules being aromatic and stocky whereas docosane molecules are linear and consequently more flexible.
Another informative quantity which can be defined to describe the intramolecular structure is the bond order tensor S bond . It is defined for docosane molecules as:
where N b is the number of bonds in a docosane molecule, · is an average over docosane molecules and over time, and v α is the unit vector between neighboring atoms α and α + 1 given as:
In a similar way as for the molecular order tensor S m , a bond order parameter S bond and a bond alignment angle χ bond can be defined from the bond order tensor The definition of the order tensor S bond is also useful to test the validity of the stress optical rule [38 and 41] . This rule states that the normal stress differences σ xx − σ yy and σ yy − σ zz are proportional to S xx − S yy and S yy − S zz , respectively, where S xx , S yy , and S zz are the diagonal components of the bond order tensor S bond . It is true for linear polymer chains where polymer segments are connected by harmonic bonds, when an effective intramolecular contribution dominates the stress tensor [38] . In this work, only the bond order tensor associated with docosane molecules was considered, consistent with the picture of bitumen as a colloidal solution of nanoaggregates in a docosane solvent. The variation of the ratios (σ yy − σ xx )/(S xx − S yy ) and (σ yy − σ zz )/(S yy − S zz ) with the shear rate is shown in Fig 18 (a) and (b), respectively. Despite the large error bars, this figure indicates that the stress optical rule is valid for low shear rates at large temperatures as can be expected from the literature [22 and 42] . However, at large shear rates and low temperatures, it is not valid. The value of the ratio (σ yy −σ xx )/(S xx −S yy ) depends a lot on temperature, which could also be expected [38] . The ratio (σ yy − σ zz )/(S yy − S zz ) seems to depend less on temperature. The failure of the stress optical rule here can be due to many factors which were overlooked: there are nanoaggregates composed of molecule types different from docosane in the mixture, the sample is slightly anisotropic on average, and the intermolecular contribution could be relevant to consider because the local structure changes due to the flow. This last reason was also invoked to explain the deviation from the stress optical rule at high shear rates for hyperbranched polymers [22 and 43] .
IV. SUMMARY AND CONCLUSION
Non-equilibrium molecular dynamics simulations have been performed for the first time on a bitumen mixture. They reveal both the non-Newtonian regime of such mixtures and their microscopic structure. It was seen that bitumen is in the non-Newtonian regime for all shear rates investigated except for the lowest shear rates at the highest temperature. This non-Newtonian behavior is associated with a progressive alignment of the docosane molecules and of their intrinsic bonds in the direction of the shear. As the alignment of the docosane molecules in the shear direction increases, the viscosity of the mixture decreases and the bitumen modelled in this work can be qualified as a shear-thinning fluid. The behavior of the asphaltene, resin and resinous oil molecules is more complex. Up to a critical shear rateγ c , these molecules are fixed in nanoaggregates insensitive to the shear direction and do not seem to participate a lot in the viscosity changes with temperature and shear rate.
At shear rates higher than the critical shear rateγ c , the aromatic molecules align with the shear direction. However, the effect on the variation of the shear viscosity with the shear rate is not clearly visible. The idea of the change in viscosity being mainly due to a change in the intrinsic and supramolecular structures of docosane molecules and not to the other molecule types is in agreement with the picture of bitumen as a colloidal mixture [40] . Finally, the stress optical rule was tested selecting only docosane molecules. It is only valid for a limited range of shear rates at high temperatures. The effects of the intermolecular contribution to the stress tensor and of the destruction of the nanoaggregates on the stress optical rule is yet to be investigated. The operator splitting method is an approximation based on a factorization of time propagator U generated by the system's Liouville operator iL. The factorization is denoted AB 1 B 2 B 1 A where A is the operator associated with evolution of the coordinates at fixed momenta, B 1 is that associated with evolution of the momenta due to the flow only, and B 2 is that associated with the evolution of momenta in the absence of flow, at fixed particle coordinates. Exact solutions of each set of equations of motion are given by Pan et al 28 . Note that A and B 1 appear twice and thus should be integrated over a half time-step each time, although the first instance of A can be "wrapped" around and put at the end, at the expense of having the positions and velocities and positions a half-step out of sync. The isokinetic thermostat is included in each factor, so that the kinetic energy is exactly conserved (up to round-off error).
For the molecular case the same factorization is made and the above two step procedure is applied for each factor in the approximate propagator. The equations of motion for operator A are, for our choice of simple shear deformation (where i is a molecular index, α is a particle index within a molecule, and quantities with only the former are center-of-mass quantities): x i (t + ∆t) = x i (t) + ∆t(p xi (t)/M i +γy i (t)) + (1/2M i )∆t 2γ p yi (t) (A4) y i (t + ∆t) = y i (t) + ∆t(p yi (t)/M i ) (A5)
Knowing the evolution of the center of mass position during the time step ∆t, we can now consider the equations of motion for the relative coordinates of the particles within the molecule by subtracting Eq. A3 from Eq. A1, giving
where the right side is the particle's velocity relative to the molecule's center of mass and is constant for the A equations of motion. The solution is therefore (using velocities instead of momenta) r iα (t + ∆t) − r i (t + ∆t) = r iα (t) − r i (t) + ∆t(v iα (t) − v i (t)),
which, upon substituting Eqs. A4-A6, gives
x iα (t + ∆t) = x iα (t) + ∆t(v xiα (t) +γy i (t)) + 1/2∆t 2γ v yi (t) (A9) y iα (t + ∆t) = y iα (t) + ∆t(v yiα (t)) (A10) z iα (t + ∆t) = z iα (t) + ∆t(v ziα (t))
The same procedure is applied to the equations of motion for the B 1 operator, which for the atomic momenta (at constant positions) are:
Here α 1 is the part of the Gaussian thermostat multiplier ζ associated with conserving the kinetic energy during this part of the integration; it has the expression
Note that the thermostat term involves only molecular quantities, that is, it is a so-called molecular thermostat which conserves the sum of the translational kinetic energies of the molecules i p 2 i /2M i . Summing Eq. A12 over α gives dp i dt = −γp yix − α 1 p i ,
which is identical to the B 1 equation in Ref. 28 (where i was an atomic index).
Again the solution must be the same:
Here g(∆t) = 1/ √ 1 − 2c 1 ∆t + c 2 ∆t 2 and c 1 and c 2 are expressions involving sums of products of molecular momenta (see Ref. 28 ). Next we consider the velocity relative to the center of mass. Dividing Eqs. A12 and A14 by m iα and M i , respectively, and then subtracting the second from the first gives the equation for the relative velocity:
i.e. the relative velocity is affected not by the flow or the thermostat-this is of course the point of using molecular SLLOD equations and a molecular thermostat:
they translate each molecules rigidly, without rotation or deformation. The updateexpression for an atomic velocity is therefore that which gives the same numerical difference as the update-expression for the center of mass velocity.
v iα (t + ∆t) = v iα (t) − v i (t) + v i (t + ∆t)
= v iα (t) + (g(∆t) − 1)v i (t) − g(∆t)∆tγv yix .
For the B2 equations of motion, the procedure is essentially the same: the velocity 
where a iα and a i are the (constant) accelerations. To update the atomic velocities we then have v iα (t + ∆t) = v iα (t) + ∆v i + ∆t(a iα − a i ),
where ∆v i is determined from Eq. A19.
A final technical point: while RUMD uses single precision floating point arithmetic in general, double precision is used for velocities in SLLOD algorithm. In this work, however, to keep the drift of the kinetic energy acceptably low for the small time step and strain rates used, double precision was used for the entire simulation code.
